Summary Digesta flow-behavior types in the intestinal lumen, such as turbulent and laminar flow, should define modes of digestion and absorption. This review presents a simulation of flow behavior in the intestinal lumen and discusses the behavior of nutrients and enzymes in the intestinal lumen under laminar-flow conditions. The significance of digesta viscosity for glucose and water absorption and digestion and fermentation in the intestine is also discussed.
The rate of digestion and/or absorption of nutrients in the intestine is defined by the type of flow behavior of the digesta in the intestinal lumen ( 1 , 2 ), which is estimated using the Reynolds number of digesta flow behavior in the intestinal lumen ( 1 , 2 ). Calculating the Reynolds number in the intestinal lumen requires the viscoelastic parameters of digesta including solid particles ( 1 , 2 ). Human digesta often includes particles larger than 10 mm ( 3 ). Viscoelastic parameters of digesta including large particles can be measured using a tube-flow viscometer developed by the author ( 4 ). Digesta viscometry requires careful handling because digesta including solid particles is a non-Newtonian fluid.
Mixing of Nutrients and Digesta Flow Behavior
The rate of digestion and/or absorption of nutrients in the intestine is defined by nutrient behavior. Nutrient behavior can be described by the extent of mixing of digesta nutrients in the lumen at the molecular scale, which is called "micromixing" ( 5 ). This micromixing represents molecular movements of substrates and enzymes ( 5 ). Thus, micromixing directly influences chemical reactions and absorption ( 5 ). The extent of nutrient micromixing can be estimated by digesta flow behavior in the lumen, which can be determined using the Reynolds number for non-Newtonian fluids. Lentle and Jansen ( 6 ) calculated the Reynolds numbers using an equation based on both Newtonian and non-Newtonian flow, but this approach is too simplistic to capture types of non-Newtonian flow. Reynolds numbers for non-Newtonian flow differ substantially from those for Newtonian flow ( 7 ). Lentle and Jansen ( 6 ) first calculated the mean current velocity of digesta flow and then calculated the shear rate and kinematic viscosity of the digesta. Thereafter, they calculated the Reynolds number for a Newtonian fluid using the current velocity and kinematic viscosity of the digesta:
Reynolds number for a Newtonian fluid ϭ (mean current velocity)·(diameter of tube)/(kinematic viscosity).
Lentle's calculation of the Reynolds number hypothesized Newtonian behavior of the fluid, which is not the case for gut digesta. The Reynolds numbers calculated by Lentle and Jansen ( 6 ) were 1.5-17 times lower than our estimates using Darby's equation ( 1 ) and were 0.05-1.5 times lower than the new estimate in the present study using Jaffrin's equation ( 8 ). Our 2005 study was the first to accurately estimate the Reynolds number for the flow of non-Newtonian fluids ( 1 ).
Micromixing occurs during turbulence and diffusion ( 5 ), but it is difficult to compare micromixing in turbulence with that in diffusion. However, the power number is a mixing index ( 9 ) and shows a relationship to the Reynolds number:
Power number·Reynolds number ϭ constant.
(equation 1) This equation is valid for Reynolds numbers Ͻ 10,000. The turbulence at a Reynolds number of 10,000 indicates 10,000 times quicker mixing than that occurring via laminar flow at a Reynolds number of 1. Hence, micromixing by turbulence in the intestinal lumen should be quite rapid, ignoring nutrient translocation time in the lumen to the epithelium, compared with micromixing by diffusion ( 1 ).
Micromixing of digesta in the lumen may occur rapidly through turbulence or poorly through diffusion in laminar flow ( 1 , 5 ). During the rapid micromixing characterized by turbulence, the translocation rate of a nutrient in the lumen can be ignored when the overall rate of nutrient absorption is discussed ( 1 , 2 ). In other words, the overall absorption rate depends on the transepithelial transport rate (equation 2), (Overall absorption rate) ϭ (transepithelial transport rate)· a , (equation 2) where a is a constant. This results in a homogeneous concentration of nutrients across the intestine ( 1 ). However, in vivo measurements of short-chain fatty acid concentrations and microbiota distributions across the contents of the cecum and colon do not support such homogenous conditions ( 10 , 11 ). The short-chain fatty acid concentration is higher in the core than at the periphery, and microbiota in the periphery of the contents differ from those in the core ( 10 , 11 ).
Conversely, nutrients reach the epithelium by diffusion in laminar flow ( Fig. 1) ( 1 ) . If the diffusion rate of a nutrient in the lumen is lower than its transepithelial absorption rate, the overall absorption rate of the nutrient should be proportional to its diffusion rate in the lumen. The slower of these two factors is the rate-limiting factor for the overall absorption process. Considering the above-mentioned short-chain fatty acid gradient and heterogeneous distribution of microbiota across the intestinal lumen ( 10 , 11 ), the diffusion rate in the lumen should be slower than the membrane transport rate. Therefore, the diffusion rate of nutrients in the lumen should define the overall absorption rate in small intestinal, cecal or colonic situations mentioned above (equation 3):
(Overall absorption rate) ϭ (Diffusion rate in lumen)· b , (equation 3) where b is a constant.
The flow behavior of digesta in the lumen can be estimated using the Reynolds number, which expresses the ratio of inertial forces to viscous forces in a fluid ( 12 ). Inertial force is the tendency of a fluid to stay in motion or at rest unless acted upon by an outside force ( 13 ). Viscous force is an internal property of a fluid that offers resistance to flow ( 13 ). The Reynolds number is used to determine whether flow will be dominated by inertial or viscous forces, i.e., whether it is turbulent or laminar. A Reynolds number Ͻ 2,300 indicates that viscous forces predominate over inertial forces to maintain laminar flow ( 13 ) (Fig. 2a) , which results in poor micromixing along the transverse axis ( 14 ). A Reynolds number Ͼ 2,300 indicates that inertial forces dominate and that flow has become turbulent ( 12 ) (Fig. 2b) , which completely mixes digesta at the molecular level ( 15 ).
A vortex moderately mixes a flow by folding the laminar structure of the digesta ( 5 ) (Fig. 2c) . Obstructions in flow can create a Karman vortex (i.e., curl or rotation) in fluids with Reynolds numbers between 40 and 10,000. A Reynolds number Ͻ 40 indicates that a Karman vortex is not present in the flow downstream from the obstruction ( 15 ) (Fig. 2c) . A Reynolds number between 40 and 2,300 indicates the existence of a vortex in the laminar flow, suggesting that diffusion is still important for complete fluid homogenization ( 5 ). A vortex is particularly important for folding the laminar flow ( 1 ). Folding of laminar flow considerably reduces the diffusion distance and transport time of nutrients, increasing their overall absorption rate. If the folding disappeared, the absorption rate of nutrients would probably be low. 
Viscometry
Estimating the Reynolds number requires the properties of viscoelastic parameters ( 1 ). Digesta is a mixture of solution and suspended solid particles such as food particles, sloughed epithelial cells, and bacteria ( 4 ). Such suspensions are typical of a non-Newtonian fluid ( 16 ). Complete removal of particles by centrifugation makes digesta a typical Newtonian fluid ( 4 ), i.e., the shear rate does not influence the coefficient of viscosity (Fig. 3) ( 7 ) because particles define the basal viscoelastic properties of digesta ( 3 ). A tube flow viscometer, based on the Hagen-Poiseuill law, measures viscosity of digesta with large particles ( Ͼ 1 mm), such as pig and chicken digesta and masticated food of humans, with a wide range of shear rates at 37 Ϯ 1˚C ( 3 ). Digesta samples pass through a glass tube in the viscometer (Fig. 4) . Digesta with a higher viscosity flows slower in the glass tube of the viscometer. The flow rate of samples, the difference in height in Fig. 4 , and the diameter of the glass tube are parameters of viscosity and shear rates. The diameters of the glass tubes are 10, 8, 10, 21, 4 mm for pig small and cecal contents, chicken small and cecal contents, and supernatant of digesta ( 3 , 4 , 17 ). The difference in the height in the Fig. 4 between the before and after measurement should be smaller than 10 mm to ensure three significant digits during measurements, which needed 1-2 L of sample. If slippage occurs between the samples and the wall of the glass tube, viscosity is underestimated. The absence of slippage is confirmed under direct vision from the exhaust in the tubeflow viscometer.
A rotary viscometer (HBDV-E, Brookfield Engineering Laboratories Inc., Middleboro) equipped with a vane spindle (V-7, ibid) can measure the viscosity of digesta with particles larger than 1 mm with a wide range of shear rates ( 18 ). The absence of slippage between the digesta and spindle should be confirmed for this type of viscometer. The required sample volume is approximately 200 mL ( 18 ).
If the diet does not contain particles larger than 1 mm in size, a cone-plate viscometer (RVDV-I, Brookfield Engineering Laboratories Inc., Middleboro) equipped with a cone spindle (CPE-52, Brookfield Engineering) can be used to measure the viscosity of rat digesta with a wide range of shear rates ( 11 , 19 , 20 ). The required sample volume for this type of viscometer is 0.5 mL ( 20 , 21 ).
Influence of Solid Particles on Digesta Viscosity
Adding solid particles, such as insoluble fiber, increases digesta viscosity in vitro ( 3 , 18 ) and in vivo ( 21 ). Large particles ( Ͼ 1 mm) elevate the constant of the viscous properties, Viscosity (Pa·s) ϭ m·(shear rate (s 
Flow Behavior of Intestinal Contents Produced by Peristalsis
A mathematical simulation was used to calculate the Reynolds numbers for flows in the small and large intestines of pigs, chickens, and humans considering peristalsis and segmental contraction ( 1 ). Flows in the intestinal lumen are mainly produced by peristalsis and segmentation ( 22 ). Flows produced by peristalsis in the intestinal lumen depend on the wavelength, amplitude, and velocity of peristalsis, whereas segmentation mixes digesta by means of wall contractions ( 1 ). The digestaflow mathematical model based on peristalsis is quite different from that based on segmentation.
Two types of Reynolds numbers were calculated for a non-Newtonian fluid, i.e. Darby's Reynolds number and Jaffrin's Reynolds number. The calculation of Darby's Reynolds number employed peristalsis assuming that the mean current velocity in a tube was the same as the velocity of peristalsis ( 22-25 ), which may be a good peristaltic model in the small intestine. Digesta in the small intestine moves at the same velocity of peristalsis. Jaffrin's Reynolds number assumes that the mean current velocity in a tube is slower than the velocity of peristalsis, which was observed in the large intestine ( 26 ).
Digesta was assumed to pass through an imaginary rigid circular tube of 7.3-( 27 ), 4-, and 35-mm ( 28 ), 5.0-(unpublished data), 15-, 2.5-, 4.0-, 2.0-(unpublished data), 10-(unpublished data), 7.0-, or 25-mm radius ( 29 , 30 ) for calculations of both Darby's and Jaf- frin's Reynolds number. These radii simulated the lower esophageal sphincter lumen ( 28 ) as well as the pyloric sphincter and pylorus in humans ( 31 ), the small intestine and proximal colon of the pig and human, and the small intestine and cecum of the chicken ( 29, 30) , respectively. Constants of the power law model for the coefficient of viscosity were calculated because the viscosity of digesta fit this model (3):
Coefficient of viscosity (Pa·s)ϭm·(shear rate, s If a cone-plate or rotary viscometer was employed, the shear rate for the imaginary tube is also calculated by shear stress, which requires a difference in the pressure per 10 mm and radius of the imaginary tube:
Shear stressϭ(difference in the pressure per 10 mm, Pa/10 mm)·(radius of imaginary tube, m)/2, (equation 11) The Reynolds numbers for the flow produced by peristalsis were much lower than 2,300 in the small and large intestines of pigs, chickens, rats, and humans (Table 1) . Reynolds numbers below 10 suggest that the flow of digesta in the intestinal lumen is laminar and lacks a Karman vortex. Therefore, micromixing of digesta by turbulence was unlikely in the small intestines or cecum examined in this study. The theoretical absence of turbulence implies poor micromixing (5), which supports the validity of equation 3.
At Reynolds numbers below 10 (Table 1) , a plica, constriction, or haustra would not result in a vortex in the intestine (Fig. 2d) . This suggests that mixing of digesta by vortex rarely occurs in the small intestine, cecum, or proximal colon. Furthermore, the roughness of the mucosal surface with structures ranging between 10 and 100 m, i.e., villi and crypts, should not alter the frictional drag or disturb the flow of contents in the small and proximal large intestines under laminar-flow conditions (14). Laminar flow without a vortex (14) lacks mixing along its transverse axis (Fig. 4) . Nutrients reach the epithelium by diffusion, even with the existence of a plica, constriction, or haustra. The absorption rate depends on the diffusion rate in such a situation (equation 3).
Flow Behavior of the Intestinal Contents with Segmentation
Segmental contraction may occur with or without complete constriction. Segmental contraction in the cecum and proximal colon is incomplete (33), leaving lumen space, whereas segmental contraction in the ileum is complete (34) . An imaginary circular tube with a 25-or 15-mm radius was assumed, which represented the cecum and proximal colon or the ileum respectively (29, 30) . The imaginary circular tube had a contraction ring with a width axis of 12.5 or 7.5 mm and a depth of 6.25 or 3.75 mm (for incomplete constriction) and 12.5 or 7.5 mm (for complete constriction). The calculated Darby's Reynolds number for the flow produced by segmental contraction with and without complete constriction in the cecum and proximal colon or the ileum of pigs and humans was smaller than 0.5 when the duration exceeded 1 sec under physiological conditions in these species (23, 35) . This indicates that segmental contractions with and without complete constriction do not mix the contents transversally, and mixing remains incomplete in the intestinal lumen. Heterogeneous distributions of bacteria and short-chain fatty acids in the large intestine (10, 11) are consistent with poor mixing.
Segmental contraction with complete constriction brings nutrients in the center of the lumen into close proximity with the intestinal walls (36) . The laminar structure of the lumen disappears in the area of constriction during a complete segmental contraction (1). This structure is then reconstructed in the area of constriction upon relaxation (1). The old laminar structure is disturbed by this reconstruction in situations characterized by a low Reynolds number, suggesting that moderate mixing occurs in the constricted area.
No turbulence occurs in complete segmental constriction because the Reynolds number produced by such a constriction would be smaller than 0.5, which is essentially the same as that produced by incomplete constriction. Diffusion in laminar flow is still necessary to homogenize the fluid completely (5).
Flow in the Stomach
Digesta flow in the stomach has also been discussed using the Reynolds number for a Newtonian fluid (37) . Here I calculated the Reynolds number for non-Newtonian flow in the stomach and pyloric sphincter. The coefficients of viscosity for cooked rice after human mastication (Takahashi, unpublished data) and of gastric contents in rats fed AIN-76 (21) were employed to calculate the Reynolds numbers. The coefficient of viscosity of the masticated rice was approximately 10 times higher than that of the rat gastric contents because the masticated rice included large particles and had lower water content. The coefficient of viscosity of the masticated rice and rat gastric contents may represent that of proximal and distal parts of the stomach, respectively. The Reynolds number for non-Newtonian flow in the stomach can be calculated using flow rates (7.5 mm/s in the pyloric antrum) (27) in a manner similar to that for the intestine (Table 2) .
A Reynolds number for the flow through the pyloric tube and through the pylorus was also calculated using the difference in the intraluminal pressure between the pyloric antrum and duodenum (31) and the mean current velocity. The contraction force of the wall directly elevates the pressure of the lumen in a closed system, such as in a balloon. However, the pressure (Pa) in the lumen is different from the contraction force (Pa) of the intestinal wall in an open system such as the intestine (31) because pressure in the intestinal lumen in the flow upstream of the contraction decreases as digesta flows. The pressure measured using a barostat, which represents the contraction force in a closed system, may not be the same as the actual pressure to move digesta. Therefore, the predicted pressure produced by intestinal wall contraction in the lumen was used. Actually, the pressure in the lumen of the stomach is 1/100 of the contraction force produced by the gastric wall in the human stomach in a previous study (31) . The pressure (Pa) and difference in the pressure per 10 mm (Pa/ 10 mm) in the lumen is higher in the pyloric antrum than that in the duodenum. The Reynolds number for a non-Newtonian fluid was calculated using volume flow rates (80 mm 3 /s through the pyloric sphincter and 580 mm 3 /s in the pyloric antrum) (31) and the pressure difference between the two points in the stomach using manometry data (30 mmHg/460 mm) (37) . The Reynolds number in the lower esophageal sphincter was also calculated using the mean current velocity (0.86 mm/s) (28) ( Table 2) .
The Reynolds number in the stomach produced by peristalsis was quite low (Table 2 and Fig. 5) . However, the Reynolds number in the pyloric antrum produced by contraction of the gastric wall (Fig. 6 ) was high (940) ( Table 2) . Flow produced by stomach peristalsis does not create a vortex, whereas flow produced by the pressure difference between two compartments in the stomach through constriction creates a vortex (38) . At a Reynolds number of 940, a vortex folds the laminar structure of the luminal contents (Fig. 6) , which makes the translocation distance for nutrients and enzyme shorter.
A previous study reported a relatively high (approximately 300) Reynolds number for flow in the pyloric orifice (37) . However, their experimental conditions were extraordinary. The volume flow rate (1 L/s) was much too high for a physiological condition, and the coefficient of saline viscosity (0.001 Pa s) was too low (37) . When the pressure difference over the pyloric sphincter at the same volume flow rate adopting values in this study using the coefficient of viscosity of rat gastric contents was calculated (37), the pressure difference over a 10-mm distance was 75,000 Pa/10 mm at an imaginary orifice radius of 4 mm, which is the condition when the orifice is fully opened. The pressure difference over 10 mm under the physiological conditions was estimated to be 266 Pa/10 mm using data from a previous study (37) and an imaginary orifice radius of 4 mm, which was 281 times lower than that of the previous study (37) . Based on this Reynolds number smaller than 0.001, a vortex may not exist in the pyloric sphincter orifice.
Flow in the Lower Esophageal Sphincter
When masticated rice was swallowed, no turbulence was observed in the lower esophageal sphincter because of a very low Reynolds number (1.1, Table 2 ). Because masticated rice has a very high viscosity and is quite low in free water content (Takahashi, unpublished data), the pressure difference over the 10-mm distance was quite high through the lower esophageal sphincter (200,900 Pa/10 mm). This high pressure difference was due to the high viscosity of the masticated rice. If the viscoelasticity of the masticated rice decreased, the required pressure difference over the 10-mm distance should decrease.
Behavior of Nutrients in the Intestinal Lumen
After a single injection of model digesta containing barium sulfate into the ileum or cecum of rats, X-ray computed tomography confirmed the heterogeneous distribution of barium in feces (Takahashi et al. unpublished data) . If there were turbulences in the large intestine, the barium should have distributed homogeneously in the feces. Thus, the heterogeneous distribution of barium in the feces suggests the absence of turbulence in the large intestine in vivo (Takahashi et al. unpublished data) . Indeed, rapid mixing with turbulence is unlikely to occur in the intestinal lumen (11, (39) (40) . Although some mixing and folding of digesta are probably induced by segmental contractions of the small intestine (1) and contribute to increased glucose absorption rates (1, 2) , self-diffusion of nutrients is an important determinant of the absorption rate due to poor micromixing in the lumen. The diffusion of nutrients in the intestinal lumen depends negatively on digesta viscosity under laminar-flow conditions (41) . Therefore, the overall absorption rate is likely to be limited by the rate of self-diffusion, rather than by the rate of transepithelial transport, because the diffusion rate is slower than the transepithelial transport rate (see equation 3, Fig. 7) (1). In laminar flow, higher digesta viscosity depresses the diffusion rate of glucose in the intestinal lumen to diminish glucose absorption, thereby reducing the increase in postprandial blood glucose (19). Thus, the diffusion rate of nutrients in the intestinal lumen depends on digesta viscosity:
Diffusion coefficientϭBoltzmann constant/(6·· radius of molecule·viscosity).
(equation 13) Hence, digesta viscosity is a major modulator of nutrient absorption rate (1, 2, 19, 42, 43) .
Control of Postprandial Blood Glucose Level by Increasing Digesta Viscosity
The addition of water-insoluble fiber such as crystalline cellulose to cooked rice or experimental diets and of water-soluble fibers such as guar gum and hydrolyzed guar gum to an experimental diet decreases the absorption rate of glucose and, therefore, postprandial blood glucose levels in rats and humans (3, 2, 19, 43 ). Glucose absorption, roughly estimated as (glucose concentration in artificial digesta before infusion)/(glucose concentration in artificial digesta at slaughter, 80 min), was 0.83 for the control and 0.70 for the cellulose-addition group. The depressed glucose diffusion rate was confirmed in the intestinal lumen with higher digesta viscosity after adding water-insoluble (Takahashi et al. unpublished data) and water-soluble fiber (43) . These data support the notion that glucose behavior in the lumen is a rate-limiting factor in glucose absorption.
Colonic Separation Mechanism
Most herbivores and omnivores retain bacteria in the large intestine to prevent the loss of nitrogen and to promote fermentation (1). Bacteria in the colon are separated from dietary residues in the proximal colon and are retrogradely transported to the cecum during feeding times (44) (Fig. 8) . This mechanism is called colonic separation (1). Colonic separation does not occur during turbulent flow because the turbulence remixes separated bacteria in the colon with dietary residue. Under laminar-flow conditions, the separated bacteria are transported to the cecum, whereas dietary residue is transported in a direction opposite to that of bacteria in the large intestine (45) .
It is relatively difficult to mix digesta within the lumen of the cecum in mammals and birds through laminar flow, given the high viscosity of the digesta (3, 5, 21). Such poor mixing may result in heterogeneous microenvironments within the lumen. Indeed, locally heterogeneous distributions in the amount and species of bacteria and in the chemical composition of digesta have been observed in the proximal colons of nutrias (45) , guinea pigs (11, 46), and rats (47) . Such microenvironments provide widely varying habitats in the lumen of the cecum and proximal colon that may support a wide range of bacterial species.
Separation of Particles from Solvent
Sedimentation of particles in digesta should be equal to separation of particles from water (48) . High viscosity (49), charged particles (50), the string-like shape of particles (51), multi-particles (including particles with various size) (2), collision between particles (52), and the low density of particles (48) prevent the sedimentation and separation of particles from the solvent. Solid particles in the digesta rarely sediment.
Influence of Viscosity on Fermentation in the Large Intestine
Sufficient fermentable carbohydrates such as moltitol and oligosaccharides in the diet induce diarrhea through the accumulation of succinic and lactic acids in the large intestine (53, 54) . Succinic (pK, 4.2) and lactic acids (pK, 3.7) are stronger acids compared with short-chain fatty acids (pK, 4.8-4.9) and are intermediates in the global fermentation cascade of short-chain fatty acids (55) . The accumulation of succinic and lactic acids increases acidity, which further enhances succinic and lactic acid accumulation in the large intestine (55) . Then, accumulation of succinic and lactic acids inhibits Nutrients should reach to epithelium by self-diffusion. The overall absorption rate of the nutrient should be proportional to its diffusion rate in the lumen. motility in the large intestine due to the severe acidity (56) and stimulates water secretion into the small intestine (57) . Decreasing the fermentation rate and carbohydrate availability in the large intestine prevents the accumulation of succinic and lactic acids in the large intestine (58) . The coefficient of viscosity of digesta decreases the fermentation rate by reducing the encounter rate between substrates and bacteria in the large intestine (1, 41, 59 ). Actually, adding crystalline cellulose, which increases digesta viscosity in the large intestine (12), decreases diarrhea by decreasing succinic acid (53) . Therefore, high digesta viscosity prevents the accumulation of succinic and lactic acid by decreasing the fermentation rate in the large intestine.
Conclusion
Flow behavior in the intestinal lumen defines the basal physiological environment in the intestinal lumen. The Reynolds number for flow in the intestinal lumen suggests that flow is laminar. Based on this laminar flow, luminal environments explain the modes of digestion and absorption of nutrients, the effects of digesta viscosity on glucose and water absorption, the radial heterogonous distribution of short-chain fatty acids and microbiota in the large intestine, and fermentation in the large intestine, as well as suggesting a method for controlling postprandial blood glucose and clarifying the mechanism of colonic separation. Laminar-flow conditions cannot be ignored in discussions of intestinal physiology.
